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SUPER-RESOLUTION OPTICAL
MICROSCOPE

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0001] This invention was made with government support
under DE-SC0020313 awarded by the US Department of
Energy. The government has certain rights in the mnvention.

CROSS REFERENCE TO RELATED
APPLICATION

Background of the Invention

[0002] The present invention relates to light microscopes
and, 1n particular, to a simplified super-resolution micro-
scope of a type resolving features smaller than the difiraction
limits of the optical system.

[0003] Optical microscopes provide a lens system capable
of capturing light from a material under ivestigation, for
example, using a microscope objective lens and producing a
magnified 1mage at an eyepiece or camera. A confocal
microscope 1s a type of microscope used to 1solate light from
the focal point of the objective lens, greatly increasing the
contrast and resolution of 1mages. However, the resulting
resolution ol the confocal microscope 1s typically con-
strained by a diflraction limit related to the aperture of the
microscope and the wavelength of the light. This diffraction
limit describes the smallest separation between imaged
objects that can be resolved and, relatedly, the smallest spot
at which light can be focused.

[0004] Super-resolution microscopes can be constructed
to distinguish structures smaller than, or separated by less
than the diffraction limit when the structures include a
fluorescent material providing emitted light as a nonlinear
function of 1ts stimulation, for example, a saturation thresh-
old of illumination. These materials can respond selectively
to a given threshold of illumination to effectively turn an
unsharp, diffraction-limited beam of i1llumination nto a
spatially sharp edge when the beam 1s scanned over the
material surface.

[0005] One common implementation of this technique,
known as stimulated emission depletion (STED), requires
the production of a “doughnut” beam shape, with a central
“doughnut hole” of lower intensity surrounded by an annu-
lus of high intensity. In STED, a fluorescent sample 1is
excited by an excitation laser, typically at a first wavelength
and then depleted by a different laser using a “doughnut™ of
illumination at a second wavelength. The “doughnut,” for
example, may be produced with a specially designed “vortex
plate” optical element. The bright doughnut around the
doughnut hole causes excited fluorophores to return to their
ground states by stimulated emission so that ultimately only
light emitted by fluorophores within the field zero of the
doughnut hole will be collected. While the generation of the
“doughnut hole” 1s also subject to the diffraction limit of the
optics, the nonlinear response of the fluorophores allow
investigation of spatial areas which can be smaller than the
diffraction limit of the excitation laser 1in the same system.
Super-resolution microscopes using STED techniques are
often an extension of the more common confocal micro-
scope, but with the added complexity of multiple aligned

lasers (for excitation and depletion) and specially prepared
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vortex or phase plates or their equivalent to produce the
defining doughnut beam pattern.

SUMMARY OF THE INVENTION

[0006] The present invention provides a super-resolution
microscope that exploits the properties of common optical
diffraction patterns to eliminate the vortex plate and, 1n some
cases, to allow super-resolution 1maging with standard con-
focal microscope optics. Diflraction 1s produced whenever a
wavelront of light 1s passed through an aperture, such as a
pinhole or lens, where some portion of the wavelront 1s
blocked. Difiraction can be distinguished from refraction
which involves light moving between diflerent media with
different indices of refraction producing a phase delay. In
some embodiments, for example, when used with the imag-
ing of nitrogen vacancies 1 diamond, the invention can
employ a single laser for excitation and depletion greatly
simplifying the construction of a super-resolution micro-
scope 1n applications such as sensors and quantum compu-
tation.

[0007] More specifically, the mvention provides a super-
resolution microscope having: at least one laser; a light
sensor; and a diffraction element positioned between the at
least one laser and a material of interest to project a
diffraction pattern in the material of interest at the measure-
ment region providing a region of low light intensity flanked
by regions of higher light intensity, the region of low light
intensity having a width with an intensity insuflicient to
deplete a predetermined fluorescent emitter and less than the
diffraction limit for light of the laser, the regions of higher
intensity having an intensity suflicient to deplete the fluo-
rescent emitters and an electronic computer executing a
program stored in non-transitory media to: (a) control the at
least one laser to itialize a fluorescent point emitter 1n the
maternal of interest into a preferred initial state; (b) control
at least one laser to project a first diflraction pattern on the
material of interest so that the point emitter 1s positioned
within the region of low light intensity and the florescence
outside of the region of low light intensity 1s depleted; and
(c), after (b), detect emitted light from the substrate to
provide a high spatial resolution measurement of emitted
light constrained by the region of low light intensity.
[0008] It is thus a feature of at least one embodiment of the
invention to make use of a diffraction pattern for 1solating,
by super resolution, a portion of a structure of interest 1n lieu
ol a specially constructed refractive element.

[0009] The region of low light intensity may have a width
between the regions of higher light intensity less than half
the diffraction limit for light of the at least one laser.
[0010] It 1s thus a feature of at least one embodiment of the
invention to provide super resolution comparable or better
than other super resolution techniques.

[0011] The stimulation of fluorescence of the at least one
point emitter may employ a second diffraction pattern hav-
ing a region of low light intensity and a region of higher light
intensity, the region of higher light intensity of the second
diffraction pattern aligned with the region of lower light
intensity of the first difiraction pattern.

[0012] It is thus a feature of at least one embodiment of the
invention to allow difiraction patterns (possibly with the
same optical element) for each of stimulation, depletion, and
readout of the florescence.

[0013] Inoneembodiment, the stimulation of fluorescence
of the at least one point emitter may employ a second
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diffraction pattern oflset from the first diffraction pattern
perpendicular to a direction of light propagation.

[0014] It1s thus a feature of at least one embodiment of the
invention to provide a simple implementation that does not
require extensive modification of the optics of a confocal
microscope but that can be implemented simply by motion
of a stage or the like. It 1s yet another feature of at least one
embodiment of the invention to allow a simple linear
scanning ol the material of interest when an image 1s
desired.

[0015] The high spatial resolution 1mage may map light
from the point emitter in the matenal of interest to multiple
pixels 1n a radius about a location of the point emitter 1in the
high spatial resolution 1mage, the radius corresponding to a
radius of the first intensity minimum ring of an Airy disk
diffraction pattern, and the electronic computer may provide
a human-readable output to a user through the user interface
derived from a combination of the multiple pixels.

[0016] It1s thus a feature of at least one embodiment of the
invention to exploit redundant measurements possible with
the present invention for improved signal quality.

[0017] The electronic computer may 1dentily different sets
of multiple pixels corresponding to different point emitters
and 1solates values of the different sets of multiple pixels to
particular point emitters to provide diflerent outputs asso-
ciated with different point emitters.

[0018] It1s thus a feature of at least one embodiment of the
invention to permit separate measurements of point emitters
by using the known pattern of the multiple pixels to uniquely
map the pixels to different point emitters.

[0019] In this case, the electronic computer may 1dentily
overlap regions to provide a different weighting to the
overlap region compared to regions that do not overlap in the
combination of the multiple pixels to provide the output for
cach point emitter.

[0020] It1s thus a feature of at least one embodiment of the
invention to permit immdependent measurements ol point
emitters that are 1n close proximity such that there i1s overlap
between their emitted light 1n the scan 1mage.

[0021] In one embodiment the focal plane of the difirac-
tion pattern may be offset from a plane of the fluorescent
emitter.

[0022] It 1s thus a feature of at least one embodiment of the
invention to adjust the height of the diffraction lobes to
improve a sharpness producing superior super-resolution.
[0023] In some embodiments, the region of low light
intensity may be at a center of the diffraction pattern and the
regions of higher light intensity are a ring around the region
of low light intensity.

[0024] It 1s thus a feature of at least one embodiment of the
invention to provide a diffraction pattern that closely mimics
the doughnut-shaped light pattern possible with the vortex
plate to provide direct imaging of point emitters.

[0025] The super-resolution microscope may further
include a material of iterest of diamond with mitrogen
vacancies and wherein the light 1s collected from nitrogen
vacancies.

[0026] It 1s thus a feature of at least one embodiment of the
invention to provide a simple implementation of a sensor
system, for example, suitable for quantum computers and

the like.

[0027] These particular objects and advantages may apply
to only some embodiments falling within the claims and thus
do not define the scope of the mvention.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0028] FIG. 1 1s a block diagram of a microscope accord-
ing to one embodiment of the present invention producing
an Airy disk diffraction pattern used for super-resolution
imaging of fluorescent structures in a material of interest;
[0029] FIG. 2 1s a schematic representation of an image
obtained with the microscope of FIG. 1 using a simple
scanning pattern producing small arcuate sets of pixels for
cach point emitter;

[0030] FIG. 3 1s a figure similar to that of FIG. 2 showing
a more complex scanning pattern producing a ring of pixels
for each point emaitter;

[0031] FIG. 4 15 a detaill view of two sets of pixels
produced by closely adjacent point emitters showing regions
of overlap and non-overlap;

[0032] FIG. 5 1s a flowchart of a program executed by a
controller of the microscope of FIG. 1 i producing an
output image of point emitters resolved below the difiraction
limat;

[0033] FIG. 6 1s a simplified cross-section of light inten-
sity for a diffraction pattern at a focal plane and removed
from the focal plane showing an ability to modily the
diffraction pattern by moving off focus; and

[0034] FIG. 7 1s an example graphic output that may be
produced by the present invention.

DETAILED DESCRIPTION OF TH.
PREFERRED EMBODIMENT

(Ll

[0035] Referring now to FIG. 1 a super-resolution micro-
scope 10 suitable for practice of the present mnvention may
provide for the basic features of a confocal microscope
including a microscope body 12 having a microscope objec-
tive lens 14 positionable above the material of interest 16 for
viewing ol the same. The material of interest 16 may be
supported by a stage 18 having an x-y actuator 20 allowing
the stage to be moved beneath or with respect to the
objective lens 14 as will be discussed below. Generally, the
material of 1nterest will have one or more point emitters 19
providing fluorescence under situations of excitation by
laser light, for example, according to the techniques of
confocal fluorescence microscopy.

[0036] In one non-limiting example, the point emitters 19
may be mitrogen vacancies in diamond. Nitrogen vacancies
are point defects that may be used as various components 1n
quantum information processing applications, or as sensors
capable of detecting highly localized environmental condi-
tions. Accordingly, the present invention may be considered
not only a microscope for investigating materials but also as
a sensor or component to a machine requiring such sensing.
More generally, 1t will be appreciated that the present
invention 1s not limited to nitrogen vacancies 1 diamonds
but may be used with any stimulable light emitter exhibiting
a nonlinear response to excitation adaptable to super-reso-
lution 1maging beyond the diflraction limiat.

[0037] Referring still to FI1G. 1, the objective lens 14 of the
microscope body 12 1s positioned to receive light from the
point emitters 19 of the material of mterest 16 and commu-
nicate 1t to a collection lens assembly 22. This collection lens
assembly 22 may be part of a camera and typically provides
a spatial pinhole mask 24 used to filter out light received
from outside the focal point 25 of the objective lens 14 per
confocal microscopy. After passing through the collection
lens assembly 22, the light 1s received by a light detector 26.
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The light detector 26 may be a single sensor, for example, a
single-photon sensor such as a photomultiplier tube, provid-
ing an electrical signal indicating intensity of the received
light.

[0038] A beam splitter 28a 1s placed 1n the path of the light
between the objective lens 14 and collection lens assembly
22 and angled to receive light from a first laser 30a. At the
beam splitter 28 the light 1s directed downwardly toward the
objective lens 14, which acts as a diffraction mask because
of 1ts 1mplicit aperture, resulting in a diffraction pattern 34
formed in the material of interest 16 at the focal plane of the
objective lens 14. This diffraction pattern 34 1s used for the
selective depletion of fluorescence.

[0039] A second laser 3056 communicates through a second
beam splitter 285 positioned between the laser 306 and the
beam splitter 28a to produce the second excitation difirac-
tion pattern 40 by light to the beam splitter 28a from the
second laser 305. The light from the second laser 3056 may
be at a diflerent wavelength than the wavelength of the laser
30a specifically to mitialize the emaitters 19 into a preferred
state. As depicted, this second excitation diffraction pattern
40 may be displaced by an amount 39 generally perpen-
dicular to the propagation of the light, that 1s having a
component of displacement along such a perpendicular axis.

[0040] A third laser 30c may communicate through a third
beam splitter 28¢ positioned between the laser 30¢ and the
beam splitter 28 to produce a readout diflraction pattern
(acceptably similar to or 1identical to diffraction pattern 40 1n
s1ze and location). The light from the third laser 30c may be
at a different wavelength than the wavelength of the lasers
30a and 305 to readout light from the emitters 19 and cause
fluorescence. This fluorescence 1s then received by the
objective lens 14 and passed to the light detector 26.

[0041] It will be appreciated that the diagram of FIG. 1 1s
simplified for clarity and may include additional lens struc-
tures, filters, and the like according to known designs of
confocal microscopes.

[0042] FEach of the lasers 30aq, 305, and 30¢, the light
detector 26, and the x-y actuator 20 may communicate with
a control computer 44 having one or more processors 46
communicating with a computer memory 48 holding a
stored program 350 as 1s generally understood 1n the art. The
computer 44 may communicate with graphics display screen
52 for the output of data and user input devices, such as a
mouse or keyboard 54, for control of the microscope 10 as
will be discussed generally below.

[0043] Referring still to FIG. 1, as well as producing an
excitation beam as discussed above, the laser 30a may be
configured to create a “depletion beam”™ presenting an Airy
disk diflraction pattern 34 on the material of interest 16. This
diffraction pattern 34 1s characterized by having a central,
high-intensity circular lobe 56 surrounded by one or more
ring-shaped intensity bands 58 of lesser strength. Signifi-
cantly, between the central lobe 56 and the first intensity
band 58 1s a minimum intensity region 60 having a reduced
light intensity of a level 61. As will be discussed further
below, this reduced light intensity level 61 defines the size
and width 59 of the minimum 1ntensity region 60 and 1is
selected to be msuflicient for depletion of point emitters 19
previously mitialized into a preferred state by the excitation
beam 3056 in the material of interest 16 when the point
emitters 19 are subsequently scanned by this Airy disk
diffraction pattern 34. As such, this width 59 will be sub-
stantially less than the diffraction limit of the light of the
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laser 30a, for example, less than half of that diffraction limut.
More generally, the minimum intensity region 60 will be a
ring having a diameter 57 centered about the high-intensity
circular lobe 56. The central lobe 56 of the diffraction pattern
34 will normally be limited by the diffraction limit, for
example, to a width of greater than 200 nm {for visible
wavelengths of light.

[0044] More specifically, by exploiting the nonlinear
response of the point emitters 19 to the depletion beam, only
those point emitters 19 within the minimum intensity region
60 will be spared from depletion by the depletion beam and
thus will fluoresce. Importantly, this minimum intensity
region 60 1s characterized by a length scale much smaller
than the diffraction limit of the system, for example, being
less than one half the diffraction limit or less than one
quarter of the diffraction limiat.

[0045] Diflraction pattern 40 may also be an Airy disk and
1s arranged to i1lluminate the region 60 during state initial-
ization or readout. This can be done by shifting a center of
the difiraction pattern 40 so that its central lobe 1s positioned
over the region 60 or through the use of a different laser light
frequency such that a central lobe or first high-intensity ring
covers the region 60 without shifting.

[0046] Referring to FIGS. 1 and 5, during a sequence
under the control of the computer 44 and program 50, at a
first process block 62, the computer 44 positions, per process
block 63, the material of interest 16, for example, with
actuator 20, such that the focal point 25 of laser 305 1is
scanned through different locations including example loca-
tion location 74 in material of interest 16 and a pulse from
laser 3056 1s applied to the given location 74, exposing the
material of interest 16 to an mnitialization pulse using the
diffraction pattern 40 to nitialize the emitter 1n some pre-
ferred state. In this example, it will be assumed that the
grven location 74 includes a point emitter 19 which has been
stimulated within the region 60 of the depletion beam
centered on location 74 which will be applied later; however,
more generally, for different scan positions 74, this may not
be the case. Locations 74 on the material of interest 16 and
in the image 78 will be considered the center of the difirac-
tion pattern 34 used for depletion and not necessarily the
center of the diffraction pattern 40 used for excitation and
readout.

[0047] At process block 64, the computer 44 next posi-
tions material of interest 16 such that the region 60 overlaps
with the stimulated area from diffraction pattern 40 and laser
30a 1s activated to produce a depletion pattern per difiraction
pattern 34. As noted, this diffraction pattern 34 1s defined by
location 74. Using this diflraction pattern 34, the material of
interest 16 and any point emitters 1n the region of the central
lobe 56 and side lobes 38 will be depleted, for example, by
photoionization. The point emitters 19 that fall within the
region ol minimum intensity region 60 will not be depleted.

[0048] During the following process block 66, the com-
puter 44 positions the material of interest 16 again in its
position that was obtained at process block 62, and a readout
pulse using diflraction pattern 40 from laser 30c¢ 1s applied
to the material of interest 16 exciting tluorescence only from
the non-depleted emitters 19 1n 1n the region 60, resulting in
super resolution 1solation of the point emitters 19. Thas light
1s then detected by the light detector 26 and recorded by the
computer 44 and forms one pixel of a scan 1image 78 having
pixels corresponding to the location
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[0049] Referring now to FIG. 2, 1n a simple linear scan
along a scan line 73a or 735, light will be detected by the
sensor 26 when the depletion diffraction pattern 34 1s
centered at detection locations 74' displaced from the loca-
tion 74" of the point emitter 19 by the radius 57 of the region
60. The result 1s the detection of two symmetric peaks on
either side of the location 74" of the point emitter 19. With
either linear scan 73a or 73b, the location 74" of the point
emitter 19 can be uniquely determined by knowledge that
the detection locations 74' must lie on a circle 80 about the
location 74" of the point emitter 19 with the radius of the
region 60. Two scan lines 73a and 735 distinguish between
cases where the scan lines 73 1s above or below the location
74" of the point emitter 19.

[0050] More generally, and referring to FIG. 3, a set of
scan lines 73 may be performed over the entire surface of the
material of interest 16 to produce a scan image 78. These
steps can be repeated for different locations 74 of the
depletion beam’s center forming a complete areal scan
image where each pixel corresponds to the brightness of
light emitted from point emitter 19a and detected by light
detector 26 for each respective position 74a of the depletion
step 64.

[0051] As shown in FIG. 2, scan image 78 formed from
the multiple pixels collected 1n the process of scanning the
location 74 over the entire surface of the material of interest
will exhibit circles 80 about the location of a given point
emitter 19 caused by the circular aperture formed by the
region 60 offset from the various locations 74. Generally,
and as noted above, these circles 80 will have a radius equal
to the diameter 57 of the minimum intensity region 60
centered about a center of the diffraction pattern 34. The
circles 80 form through successive scans when the arcuate
aperture of the region 60 repeatedly illuminates the point
emitter 19 at progressive oflsets.

[0052] In order to extract the location of the point emitters
19 from the scan images 78 showing the circles 80 (or
symmetric peaks in the case of a linear scan), at process
block 82, the computer 44 may process the scan image 78 to
identify the underlying circles 80 and associate the pixels of
cach circle 80 with a given point emitter 19 at an inferred
location at the center of the radius defined by the circle 80.
Once a circle 80 1s i1dentified per process block 82, the
associated pixels of that circle 80 may be processed com-
bined with other pixels corresponding to the point emitter
19, for example, by summing the quantitative intensity
values associated with each pixel, as part of an averaging or
the like to provide a robust measure of emaitted light {from the
point emitter 19. It will be appreciated that other statistics
may be applied to these pixels, for example, for finding a
median value which does not necessarily require a combin-
ing.

[0053] Referring to FIG. 4, the present invention contems-
plates that two point emitters 19a and 196 may be resolved
using the scan 1image 78 even though these point emitters 19
have a separation less than the diameter of their associated
circles 80a and 805b. In this case the circles 80a and 805 may
overlap at overlap regions 85 and be resolvable without
overlap at regions 86. These regions may be i1dentified
geometrically from the information of process block 82 and
used at process block 84 to adjust the combination of pixel
values of each circle 80, for example, by omitting from the
above described statistical calculations data from overlap
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regions 85 or by reducing the weight of the data of these
pixel values, for example, by half.

[0054] Referring now to FIG. 6, the difiraction pattern 34
produced by laser 30a occurs in the focal plane 90 of the
objective lens 14. The inventors believe that it may be
advantageous to perform the depletion step 64 with the focal
plane 90 of the objective lens 14 offset from the object plane
of the point emitter 19 such that the emitter 19 experiences
a “defocused” diflraction pattern 34' during the depletion
step. This focal plane displacement increases the amplitude
of the side lobes 58' of the diffraction pattern 34' compared
to diffraction pattern 34, potentially resulting 1n a sharpened
and narrowed minimum intensity region 60. More funda-
mentally, 1t 1s believed that the central lobe 56 of diffraction
pattern 34 may be fully suppressed to produce a doughnut
shape diffraction pattern with a central circular region 60
comparable to that provided by a vortex plate. In this case,
the central location of the depletion diffraction pattern 34
and readout difiraction pattern 40 may be i1dentical and the
circles 80 collapse to single points simplifying identification
of the point emitters 19.

[0055] Referring now to FIG. 6 and FIG. 4, at process
block 82, output data may be provided, for example, in the
form of a point emitter image 78 providing images locating
the point emitters 19, which may be located at separations
less than the diffraction limit. The output data may be
provided, for example, by 1lluminated pixels with the pixel
locations being extracted as a center of the circles 80 and the
scan 1mage, and the pixel brightness being derived from a
combined value for all of the pixels 1n the circle 80 for the
particular point emitters 19 per process block 82. Similarly,
for each point emitter 19, quantitative intensity data 96 and
a time plot of intensity versus time 98, when that 1s desired,
may be provided.

[0056] It will be appreciated that each of the lasers 30a,
3056, and 30c may be separate or combined, for example, by
using multiple laser wavelengths or by use of point emitters
19 that can share any of the, initialization, depletion, and
readout frequencies. Separate lasers allow for ready adjust-
ment of laser wavelength, for simultaneous rather than
sequential operation, and for providing different focal planes
without mechanical focus adjustment in between each scan
location.

[0057] Certain terminology 1s used herein for purposes of
reference only, and thus 1s not intended to be limiting. For
example, terms such as “upper’, “lower”, “above”, and
“below” refer to directions 1n the drawings to which refer-
ence 1S made. Terms such as “front”, “back™, “rear”, “bot-
tom” and “side”, describe the orientation of portions of the
component within a consistent but arbitrary frame of refer-
ence which 1s made clear by reference to the text and the
associated drawings describing the component under dis-
cussion. Such terminology may include the words specifi-
cally mentioned above, derivatives thereof, and words of
similar import. Similarly, the terms *“first”, “second” and
other such numerical terms referring to structures do not
imply a sequence or order unless clearly indicated by the

context.

[0058] When introducing elements or features of the pres-
ent disclosure and the exemplary embodiments, the articles

Y T b B Y

a’, “an”, “the” and “said” are intended to mean that there
are one or more of such elements or features. The terms
b [y 4

“comprising”’, “including” and “having” are intended to be
inclusive and mean that there may be additional elements or
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teatures other than those specifically noted. It 1s further to be
understood that the method steps, processes, and operations
described herein are not to be construed as necessarily
requiring their performance in the particular order discussed
or i1llustrated, unless specifically 1dentified as an order of
performance. It 1s also to be understood that additional or
alternative steps may be employed.

[0059] It 1s specifically intended that the present invention
not be limited to the embodiments and illustrations con-
tained herein and the claims should be understood to include
modified forms of those embodiments including portions of
the embodiments and combinations of elements of diflerent
embodiments as come within the scope of the following
claims. All of the publications described herein, including
patents and non-patent publications, are hereby incorporated
herein by reference in their entireties

[0060] To aid the Patent Oflice and any readers of any
patent 1ssued on this application 1n interpreting the claims
appended hereto, applicants wish to note that they do not
intend any of the appended claims or claim elements to
invoke 35 U.S.C. 112(1) unless the words “means for” or
“step for” are explicitly used 1n the particular claim.

1. A super-resolution microscope comprising:

at least one laser;

a light sensor;

a diffraction element positioned between the at least one
laser and a material of interest to project a diflraction
pattern in the matenial of interest at a measurement
reglon prowdmg a region of low light 1nten31ty flanked

by regions of higher light intensity, the region of low

light intensity having a width with an intensity insui-

ficient to deplete a previously excited, predetermined

fluorescent emitter and less than the diffraction limit for

light of the at least one laser, the regions of higher
intensity having an intensity suflicient to deplete the
fluorescent emitters; and

an electronic computer executing a program stored in
non-transitory media to:

(a) control the at least one laser to stimulate a fluorescent
emitter in the material of interest;

(b) control the at least one laser to project a first diflrac-
tion pattern on the material of interest so that the
fluorescent emitter 1s positioned within the region of
low light intensity and that fluorescence outside of the
region ol low light intensity i1s depleted; and

(c) after (b) detect emitted light from the material of
interest to provide a high spatial resolution measure-
ment of emitted light constrained by the region of low
light intensity.

2. The super-resolution microscope of claim 1 wherein the
width of the region of low light intensity 1s less half the
diffraction limit for light of the at least one laser.

3. The super-resolution microscope of claim 1 wherein the
stimulation of fluorescence of the fluorescent emitter
employs a second diflraction pattern having a region of low
hgh‘[ intensity and a region of higher light intensity, the
region of higher light 111ten51ty of the second diffraction
pattern aligned with the region of lower light intensity of the
first diflraction pattern.

4. The super-resolution microscope of claim 3 wherein the
stimulation of fluorescence of the fluorescent emitter
employs a second diffraction pattern oflset from the first
diffraction pattern perpendicular to a direction of light
propagation.
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5. The super-resolution microscope of claam 1 further
including a stage holding the matenal of 1nterest in moving
the material of interest between repetitions of (a)-(c) to
collect a high spatial resolution 1mage of emitted light.

6. The super-resolution microscope of claim 5 wherein the
high spatial resolution 1mage maps light from the fluorescent
emitter 1n the material of interest to multiple pixels 1n a
radius about a location of the fluorescent emitter in the high
spatial resolution 1mage, the radius corresponding to a radius
of the first intensity minimum ring of an Airy disk difiraction
pattern.

7. The super-resolution microscope of claim 6 further
including a user interface and wherein the electronic com-
puter provides a human readable output to a user through the
user interface dertved from a combination of the multiple
pixels.

8. The super-resolution microscope of claim 7 wherein the
light ntensity minimum 1s a first mtensity minimum ring
from a center of an Airy disk diffraction pattern.

9. The super-resolution microscope of claim 8 wherein the
clectronic computer further 1dentifies different sets of mul-
tiple pixels corresponding to different fluorescent emitters
and 1solates values of the different sets of multiple pixels to
particular fluorescent emitters to provide different outputs
associated with different tfluorescent emitters.

10. The super-resolution microscope of claim 9 wherein
the different sets of multiple pixels overlap 1n the high
spatial resolution 1image, and the electronic computer turther
identifies overlap regions to provide a diflerent weighting to
the overlap regions compared to regions that do not overlap
in the combination of the multiple pixels to provide the
output for each fluorescent emitter.

11. The super-resolution microscope of claim 1 wherein a
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focal plane of the diffraction pattern 1s oflset from a plane of
the fluorescent emitter.

12. The super-resolution microscope of claim 11 wherein
the region of low light intensity 1s at a center of the
diffraction pattern and the regions of higher light intensity
are a ring around the region of low light intensity.

13. The super-resolution microscope of claim 1 further
including a material of interest of diamond with nitrogen
vacancies and wherein the light 1s collected from nitrogen
vacancies.

14. A method of super-resolution microscopy employing
an optical system having at least one laser, a light sensor, and
a diffraction element positioned between the at least one
laser and a material of interest to project a diffraction pattern
in the material of interest at a measurement region providing
a region of low light intensity flanked by regions of higher
light intensity, the region of low light intensity having a
width between the regions of higher light intensity less than
the diffraction limit for light of the at least one laser and an
intensity suilicient to deplete a predetermined flow; the
method providing:

(a) operating the at least one laser to stimulate a fluores-
cent emitter 1n the material of interest;

(b) controlling the at least one laser to project a first
diffraction pattern on the material of interest so that the
fluorescent emitter 1s positioned within the region of
low light 1intensity and that the fluorescence outside of
the region of low light intensity 1s depleted; and
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(c) after (b) detecting emitted light from the material of
interest to provide a high spatial resolution measure-
ment of emitted light constrained by the region of low
light intensity.

15. The method of claim 14 wherein the region of low
light intensity has a width between the regions of higher
light intensity less half the diffraction limait for light of the at
least one laser.

16. The method of claim 14 wherein the stimulation of
fluorescence of at the least one fluorescent emitter employs
a second diffraction pattern having a region of low light
intensity and a region of higher light intensity, the region of
higher light intensity of the second diffraction pattern
aligned with the region of lower light mtensity of the first
diffraction pattern.

17. The method of claim 14 wherein the optical system
turther includes a stage holding the material of interest 1n
moving the material of interest between repetitions of (a)-(c)
to collect a high spatial resolution 1image of emitted light.

18. The method of claim 14 wherein the light intensity
mimmuim 1s a first imtensity minimum ring from a center of
an Airy disk diffraction pattern.

19. The method of claim 14 wherein a focal plane of the
diffraction pattern 1s oflset from a focal plane of the light
detector to provide a diflraction pattern wherein the region
of low light intensity 1s at a center of the diffraction pattern
and the regions of hugher light intensity are a ring around the
region ol low light intensity.

20. The method of claam 14 wherein the material of
interest 1s diamond with nitrogen vacancies providing the
fluorescent emitter.
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